Abstract. The North Atlantic was the site for the 1989 JGOFS Pilot Study, an international study of ocean fluxes in relation to the carbon cycle. In this paper we present preliminary estimates of the grazing pressure by copepod assemblages at four stations' 60, 56, 52 and 47°N, along the JGOFS 20°W transect, during June-July. Three major size fractions of mesoplanktonic copepods were considered, small (200-500 jun), medium (500-1000 jim) and large (1000-2000 (im). At each station, copepod composition and abundance were analysed and the gut fluorescence method was used to estimate ingestion rates. The results support the importance of the small size fraction relative to the other fractions, in terms of numerical abundance and their grazing impact. However, the total grazing pressure of copepods on phytoplankton was relatively minor during the period of sampling since the fraction of phytoplankton standing stock and primary production consumed by the copepods was on average <1 and 2% respectively. The implications of these results as well as the potential sources of bias involved in these types of measurements and estimations are discussed.
Introduction
The North Atlantic was the focus of a number of studies during 1989, aimed at understanding the role of oceanic regions in carbon cycling and storage. These studies are part of the Biogeochemical Oceanic Flux Study (UK-BOFS), within the Joint Global Ocean Flux Study (JGOFS) program, whose objective is the estimation of oceanic carbon flux (SCOR, 1987) . Background information on the North Atlantic is considerable since it has been one of the few oceanic areas where long-term oceanographic observations have been made (Colebrook, 1979; Williams, 1988) . These types of study are an essential component of a global understanding of the dynamics of marine environments (Smetacek et al., 1984; Wolfe et al., 1987; Miller, 1990) .
We have undertaken a preliminary short-term study of the size structure and grazing impact of mesozooplanktonic copepods in four areas of the north-east Atlantic, to evaluate their role in influencing the magnitude of particulate fluxes. A body size approach has been used here as the simplest and most reliable method of dealing with the diversity of species and developmental stages among the copepods occurring in the North Atlantic and with the reported seasonal and spatial variations in the region (Colebrook, 1984; Williams, 1988; Williams and Conway, 1988) . This approach is also appropriate in the sense that this type of ecosystem study should be able to provide order of magnitude estimates as a starting basis for modelling the fluxes within a system (Morales et al., 1990) .
A major objective of this study was to include an evaluation of the importance of small-sized copepods in the system. Up to recently, they have rarely been considered for gut fluorescence analyses due to difficulties in quickly recognizing species and/or developmental stages.
The main practical advantage of a size fractionation approach is that smaller copepods are included in the analyses, usually as a mixture of species. Furthermore, the abundance of small copepods has usually been underestimated in the North Atlantic (Colebrook, 1979; Williams, 1988) , by using nets with meshes larger than the current recommendation for sampling mesozooplankton biomass (200 |xm; UNESCO, 1968) , and thereby, their role in the dynamics of these systems is poorly known.
In this study we have separated the copepods into three size fractions: small (200-500 n,m), medium (500-1000 u,m) and large (1000-2000 u.m), equivalent to the size types defined by Steele and Frost (1977) . We have compared their abundance, ingestion rates and their relative and total contribution to the grazing of primary producers in the north-east Atlantic, as measured over a short time interval.
Methods

Sampling
All measurements were taken during the Leg 2 BOFS cruise during June and July 1989, on RRS Discovery (cruise 183). The focus of the present analysis was on two main stations in the north-east Atlantic (Figure 1 ), approximately 60°N and 47°N, 20°W, where an extended period (6-7 days) was available for sampling, in the vicinity of a drifting sediment trap array. Intermediate stations at approximately 56°N and 52°N, 20°W were also occupied but for shorter periods. The ship stayed on station at 60°N between June 15 and June 21, and between July 1 and July 5 at 47°N. At all stations, LTD profiles and samples for chlorophyll a analysis and for particulate composition (taxa recognition, particle size distribution, and elemental composition) were taken and are used here to complement the main aspects of this study; they will be reported in detail separately.
Zooplankton samples for analyses of taxonomic composition and abundance were collected with a standard UNESCO WP-2 net (200 u.m mesh; UNESCO, 1968) , by vertical tows from 100 m depth to the surface, at a speed of 25 m min"
1 . Two sets of samples were taken at the main stations, and one at the intermediates, each set including a midday and a midnight sample. Upon retrieval, the net was thoroughly rinsed and the complete catch was recovered from the cod end. These samples were then wet-sieved successively through meshes of 2000, 1000, 500 and 200 n-m and stored in buffered formalin solution (5%). The volume of water filtered by the net was derived from an assumed 94% filtration efficiency (UNESCO, 1968) .
For gut fluorescence analysis, zooplankton samples were taken with a modified UNESCO WP-2 net on a bongo frame, thereby doubling the capture of animals for pigment measurements and/or evacuation experiments. For assessing diel feeding cycles, tows were made at successive intervals of 3-5 h. Two diel cycles were covered at both 60 and 47°N, and single cycles at 56 and 52°N. Immediately after retrieval of the net, only the cod end content was immediately sieved through a 2000 u,m mesh and then poured into soda/seawater solution (1:5, v/v) to anaesthetize the animals (Kleppel etal., 1988) . This was followed by sieving through 1000, 500 and 200 u.m meshes, and the resultant fractions were filtered onto shark-skin filters, stored in Petri dishes and frozen (-20°C) for up to 1-1.5 months before further analysis. These treatments, combined with the minimization of light exposure during sampling and analysis, have been shown previously not to affect pigment measurements (Morales et al., 1990) . Zooplankton samples for gut evacuation experiments were collected as above, except for the use of anaesthetic, and a gentler but rapid procedure was used for fractionating them through 1000, 500 and 200 u,m meshes. When abundance per fraction was sufficient for running an experiment, the sample was transferred to a carboy (9 1) filled with filtered seawater (Whatman GF/C filters). These experiments were carried out in a constant temperature room, simulating the surface seawater temperature of the area (Figure 1 ). Sub-samples were taken either after 5, 10, 15, 20, 30, 45, 60 and 120, or on a few occasions every 10 min. In each case, the carboy was given a gentle shake and then a 500 ml aliquot was drained through the stopcock, and immediately sieved through a corresponding mesh (200, 500 or 1000 |xm). These subsamples were rinsed briefly with filtered seawater, then filtered and stored as above for subsequent gut pigment analysis. Time 0 was taken at the start of the experiment and treated as one of the gut content diel cycle samples.
Laboratory analyses
Identification and counting of zooplankton samples were carried out with stereomicroscopy, usually on subsamples divided with a Folsom splitter. Since the manual sieving process on board proved not to be 100% efficient, redistribution of copepods species into their expected size fractions was corrected afterwards. This was found to be a drawback of the fractionation and the limitations are imposed by the variety of shapes in copepods and/or the occurrence of high concentrations of large algae, which can make sieving difficult. In this study, major parts of each fraction were retained in the expected meshes. Among the copepod species in the samples, those thought, from the literature, to be partially or totally herbivorous were considered in further estimations of grazer abundance.
The gut fluorescence analyses included picking copepods from the filters with tweezers, under a low light microscope, and without regard to species or stage composition but only to size. Where species predominance was clear, sorting concentrated on those species, and included between 10 and 50 individuals in the large and medium fractions, and between 50 and 100 in the small fraction. Treatment of these samples did not include homogenization, since it has been shown not to be necessary (Simard et al., 1985; Kleppel et al., 1988; Morales et al., 1990) . Extracts in 90% analytical acetone were measured for fluorescence in a Turner-112 fluorometer, before and after acidification. No corrections for background fluorescence, differences in molecular weight, or pigment destruction were applied to the data, given the uncertainties involved in these procedures. Results are expressed as the sum of chlorophyll and phaeopigments (as chlorophyll a equivalents).
Data from gut evacuation experiments were fitted with a linearized exponential function, for time intervals between 0 and 60 min, after trials with different times and functions (Morales and Harris, 1990) . Ingestion rates (!) were calculated from the expression /= G*k in ng chlorophyll a equivalents (= ng pigment) per copepod per unit time (h), where G is an average of the gut pigment content taken over the diel series if no cycle was evident, or is an average value for two distinctive feeding periods, one of low and one of high pigment content. The criterion for distinguishing these two periods was the occurrence of a >100% coefficient of variation among the measurements taken during a diel series. This distinction also applied to the case of the diel migrants, which appeared in surface waters (0-100 m) only during part of the night. In the case of the evacuation rate constant (k), an average value was chosen if no consistent differences were found among size fractions, as demonstrated in previous analyses (Morales et al., 1990) .
To estimate the daily consumption of phytoplankton by copepods in the 0-100 m water column, average values of abundance per fraction were combined with ingestion rate per fraction. The combination of values was based on the closeness of sampling dates, and differences in day-night abundances were also taken into account. In estimating the grazing pressure of copepod assemblages in each of the size fractions, and in the total, consumption values were compared with both the total integrated (100 m) chlorophyll a standing stock (fluorometry, Whatman GF/C filters) and the integrated (50 m) primary production measured in the same stations ( 14 C m situ incubations; A.Pomroy, personal communication). Values of primary production were converted to pigment equivalents from mean carbon to chlorophyll ratios (C:Chla), as derived from phytoplankton counts and volume estimations in samples from these stations, and applying Strathmann's (1967) carbon-volume relations (D.Harbour, personal communication). Mean values of CrChla per station included different depths of sampling, over the surface 50 m. We assume that the same ratios apply for converting gut pigments into carbon ingestion estimates. Complementarily, we also obtained carbon values directly for particulates from water samples, processed in a Carlo Erba CHN analyser.
Results
Species composition and abundance of herbivorous copepods
Species composition was relatively different at the two main stations, in terms of dominant components (Table I) . Some species occurred in more than one size fraction because different developmental stages were present. At 60°N (19 and 20 June) Calanus finmarchicus dominated both in the large (females and copepodite V) and the medium-(mainly copepodite IV) size fractions, and were more abundant during the day; Metridia spp. appeared to dominate in the late night samples. In the small size fraction, Oithona spp. was the dominant species, with no major differences between day and night sampling.
At 47°N (July 1 and 5) the large fraction was dominated by Pleuromamma robusta. This genus has been briefly mentioned as being mainly carnivorous (Parsons and Lalli, 1988) , although others describe some species as being omnivorous (Timonin, 1971; Hayward, 1980) . At this station, their guts appeared very green and gave high fluorescence readings for phaeopigments, indicative of feeding on phytoplankton. Also previously, we have measured high levels of pigments in Pleuromamma species from the Sargasso Sea (Longhurst et al., 1989) . Pleuromamma was absent during most of the day and appeared in relatively lojv numbers at night, although sampling was limited to midnight only. The medium fraction was also lower in numbers during the day but more abundant and diverse at night, dominated by Pleuromamma spp. and Paracalanus parvus. The small fraction was dominated by three species: Oithona spp., Acartia spp., and P.parvus and their abundance was also higher at night.
The intermediate stations showed similarities with both main stations, although in the case of the large fraction it was more similar to 47°N, with the exception of station 52°N where the absence of P. robusta in the night samples may be most likely due to a problem in sampling at the appropriate time.
Pleuromamma species are in general very strong vertical migrators (Longhurst et al., 1989) and sampling time is rather critical in assessing their grazing impact. Overall, the small copepods outnumbered the other two fractions. Furthermore, even in using a 200 u,m net, the small size fraction may have been underestimated by an unknown percentage. Mean abundance estimates, integrated over the 100 m water column, indicated that at 47°N the number of copepods was -2-3 times higher (169 000 m~2) than at 60°N (68 175 m~2).
Diel feeding cycles
Two series of diel cycle measurements were analysed at 60 and 47°N (Figure 2 and single series at 56 and 52°N (Figure 3 ). All the time points for gut pigment content are plotted on a semi-log scale to allow a comparison of pigment levels between the three size fractions and to relate them to maximal gut content levels, as reviewed in Morales et al. (1990) . At 60°N, no apparent feeding cycles were detected in any of the three size fractions, using the criterion defined in the methods section (Table II) . Mean levels of gut pigment increased with increasing size, although the three fractions showed levels which are at least 10 times lower than those expected from reported maximum levels (Morales et al., 1990) .
At 47°N, feeding cycles were apparent in both the large and the medium fractions, although no data were available for the large fraction during the day, Mean gut content was calculated from a number (n) of consecutive measurements during a diel period SD = one standard deviation; T mtJL = the time at which gut maxima occurred, cycle or not in feeding was defined by the value of the coefficient of variation 'Metndia spp b P robusta 'Vertical migration as they were completely absent in surface layers. The small fraction, however, did not show any indication of diel cycling in feeding (Table II) . Mean gut content increased with increasing size, but only the large fraction reached values comparable to reported maximum capacities. The medium and small fractions exhibited lower mean values, 2-3 and 7 times lower respectively, compared with those found at 60°N (Figure 2 ). At the intermediate stations the large fraction was composed of a high diversity of species in very low abundances during the day, and their low values for gut content contributed to the low mean gut level of the fraction, compared with values from 47°N. But the same vertical migrators were present, with the exception of P.robusta as explained previously, significantly changing the levels of gut pigment during the night (Table II) . At 56°, P.robusta was as abundant as Metridia spp., and the larger differences in gut content values between the two can be attributed to differences in body size, within the same arbitrary fraction. Therefore, in subsequent calculations, we have used a mean value considering their respective abundances. 
Gut evacuation rate
Only a small number (six) of gut evacuation experiments were completed. These experiments were limited due to either the relatively low abundance of copepods in any single tow or to the very low gut content in the medium-and small-size fractions at 47°N. At 60°N, one simultaneous experiment was carried out with the three fractions.
Results of evacuation experiments are reported in Table III , as the slope of a linearized exponential fit to data from 0 to 60 min after starvation. Overall, these rate constants are within the range of the extremely variable data in the literature, as reviewed in Morales et al. (1990) . Also, within the limitations of the number available for comparison, no trend in relation to size was found, a conclusion consistent with the above review.
Ingestion rates and grazing impact
In light of the previous information on gut content (G) and evacuation rate (k), we have estimated ingestion by using: (i) a daily mean value for G (*24 h) when no cycle was evident, or two mean values for two distinctive feeding periods; and (ii) an hourly evacuation rate constant, calculated as the mean of all the values (k = 1.26 h" 1 ), combining the different size fractions (Table IV) . Results showed that ingestion rates, expressed as ng pigment per copepod per day, increased with increasing size. This relationship is very distinctive at 47°N but not at 60°, which may be explained by the fact that the medium fraction at 60°N was closer in size to the larger fraction and that both sizes (mainly C.finmarchicus) were not feeding actively, but had large amounts of stored lipids. The role of diel migrants in the large fraction at 56, 52 (assuming occurrence of P.robusta) and 47°N is striking in the sense that, in only a period of a few hours large copepods feed at double the rate estimated at 60°N, where feeding seems to be a continuous process. In the medium size fraction, ingestion rates were higher at 60°N, although no differences were found between maximum levels in gut content, but at 47°N gut content was very low during most of the day (18 h). In the small size fraction, ingestion was also higher at 60°N than at 47°N, although no diel cycling occurred at either station (Table IV) . At 708-1609 (Table I) . k, the gut evacuation rate was assumed to be the same, 1.26 (1 h" 1 ), for all d See dates in Table I. the intermediate stations, ingestion rates in the medium and small fractions were in general in between those observed in the main stations (Table IV) . These estimates of ingestion are within the range, generally in the lower half, or in the order of magnitude at least, of reported values in the literature using the gut fluorescence method, and which mainly have considered large and medium size fractions (Nicolajsen et al., 1983; Baars and Fransz, 1984; Baars and Helling, 1985; Ki0rboe et al., 1985; Tande and Bamstedt, 1985; Dam, 1986; Wang and Conover, 1986; Head and Harris, 1987; Ki0rboe and Tiselius, 1987; Head, 1988; Peterson et al., 1988; Tsuda and Nemoto, 1988) .
Overall, these estimates of consumption of phytoplankton per size fraction emphasize the importance of the small size fraction in surface waters of the four areas sampled. Phytoplankton consumption in the small fraction was almost three times higher at 60°N than at 47°N. In the large fraction, consumption was almost two times higher at 60°N than at 47°N, in contrast to the higher gut contents at 47°N but explained by differences in abundance. The same pattern applies for the medium fraction, which is up to 3 times higher at 60°N, due to differences in diel feeding and in abundance. At the intermediate stations, results were more diverse with respect to the importance of the size fractions, explained in part by sampling strategy, differences in abundance, and gut pigment levels (Table IV) .
Total amounts of phytoplankton grazed by the three size fractions in the surface 100 m of the two oceanic areas in the north-east Atlantic are relatively low when compared with the levels of phytoplankton standing stock and primary production ( Table V) . For the two major stations the estimated carbon grazed is compared with the average primary production values, using C:Chla ratios in Table V (Figure 4) . Results revealed that <1% of the phytoplankton biomass was grazed per day by copepod assemblages at any of the four stations. On the other hand, copepod grazing accounted for 1.9% of the primary production at 60°N and for 1.6% at 47°N, with similar values for the two intermediate stations.
If we assumed that only the primary production of >5 |xm phytoplankton is the main available food for these copepods, then these figures become 2.4 and 3.9% respectively. Overall, the grazing pressure of copepod assemblages in the two areas was very small during the period of this study.
Discussion
The traditional concepts in marine zooplankton dynamics have generally emphasized the importance of large copepods, particularly Calanus spp., whereas smaller copepods have been neglected or underestimated. We have shown here that, during the period sampled, the small fraction can consume larger amounts of phytoplankton than the other two fractions, mainly due to the fact that the abundance of the small copepods is very much larger. These results are supported by those of Dam et al. (1990) , who sampled at 47°N during AprilMay of 1989, as part of the JGOFS program. Paffenhofer (1982) also emphasized the potential importance of small copepods in the Peru upwelling system, when commenting on the work of Dagg et al. (1980) . The small fraction in this study was dominated by Oithona spp., and the comparison of ingestion or derived consumption rates with the few field data available (Daro, 1985 (Daro, , 1988 Tsuda and Nemoto, 1988) indicate that our estimates, while in general quite low, are not unreasonable. Large copepods can, however, have a significant impact in grazing the spring bloom or suppressing its development, as demonstrated mainly for C.finmarchicus, when their migration to surface waters is coupled to increases in primary production as well as when the size of their overwintering populations is high enough (Peinert et al., 1987; Runge, 1988; Tisehus, 1988; Bathmann et al., 1990) . In the Atlantic Warm-Core Rings Studies, Bishop et al. (1986) concluded that 3 and 15% of primary production were grazed daily in April and June respectively, but when larger calanoid species were included these figures rose to 50 and 140% respectively. These authors suggested that grazing pressure >100% of the primary production reflected the magnitude of errors in their values. During the present study, Calanus species were either not a major component of the system (47, 52 and 56°N) or they were abundant (60°N) but were not feeding actively on phytoplankton. Williams (1988) has shown that, in general, Calanus abundance at this latitude peaks during May, when increases in chlorophyll a are also evident, and sharply decreases in June, with further fluctuations occurring over scales of months and years.
Overall, a comparatively small number of studies have actually attempted to relate ingestion rates to available phytoplankton and primary production (reviews in Joris et al., 1982; Tsuda and Nemoto, 1988; Nielsen and Richardson, 1989; Peterson etal., 1990) . The low percentages of phytoplankton consumption estimated in the present study are, however, within the range reported, which is in general low. These observations contrast with the traditional view of food webs in which the major part of the phytoplankton is consumed by large copepods during spring and with the food limitation hypothesis, to explain copepod feeding behaviour at other times of the year. It has also been hypothesized that in general, coastal systems appear to be underexploited by copepod grazing on phytoplankton, compared with oceanic areas (Joris et al., 1982) , although the latter studies have been given little consideration yet (Nielsen and Richardson, 1989) . When the present data are analysed in terms of daily rations per copepod, low values are also obtained, although values reported in the literature are very variable and some are as low (Nicolajsen et al., 1983; Baars and Fransz, 1984; Baars and Helling, 1985; Ki0rboe etal., 1985; Simard et al., 1985; Tande and Bamstedt, 1985; Dam, 1986; Huntley et al., 1987) . What is important to keep in mind is that only phytoplankton consumption is being evaluated in all these cases.
On the other hand, we can analyse possible sources of underestimation in the present results. These sources may involve one or more of the following aspects: (i) the estimation of gut evacuation rate: (ii) the occurrence of pigment destruction in the gut; and (iii) those related to the food source, in terms of estimates of C:Chla ratios, inclusion of all size fractions as food available for consumption, and the vertical distribution of particles in relation to the depths at which the copepods will feed. Parts of these aspects have been analysed recently by Peterson et al. (1990) as well. Estimates of zooplankton biomass, phytoplankton standing stock and primary production may have been biased as well but we cannot evaluate here the effect on the present data.
Literature estimates of evacuation rate show a high variability, which does not seem to be related to size (Morales et al., 1990 ) but more to environmental and internal factors (Nicolajsen et al., 1983; Head, 1986; Dagg and Walser, 1987) . Although the estimate used here is within the reported range, it could be between 2 and 3 times higher at the most (e.g. 2-3 h" 1 ), which would double or triple our estimates but still would not significantly affect the magnitude of the grazing impact.
It has been recognized that pigment destruction does occur in copepod guts, although the factors involved and resultant patterns are not clear (Kitfrboe and Tiselius, 1987; Lopez et al., 1988; Pasternak and Drits, 1988) . If we correct our data for pigment destruction using an estimated average value of 33% (Dam and Peterson, 1988) , then they would increase by a factor of 1.5 only, which again is not a substantial change.
Although not a source of error, a comparison of the present values of gut pigment content with the expected maximum values according to size, as derived from the relations described by Morales et al. (1990) , it seems that these assemblages were not feeding at maximum capacity but gut contents were lower by up to a factor of 10 in some cases. In simulating the effects of using a higher evacuation rate, a mean correction for pigment destruction, and assuming a scenario where maximum levels of gut pigment content per size fraction have occurred, then the percentages of phytoplankton biomass and primary production grazed by the copepods would have been increased in total by a factor of 35. This exercise does not suggest that the gut fluorescence method may have been the major source in obtaining low values but demonstrates that it is possible that grazing pressure of copepod assemblages in these areas may become important at other times.
Furthermore, the use of higher CrChla ratios to convert the production to chlorophyll equivalents or pigment to carbon ingestion, would have increased the grazing impact (factor of 2-6). It is quite frequent that CrChla ratios are measured from samples of water which also contain various other unquantified sources of carbon, by relating chlorophyll directly to particulate organic carbon (POC). In this study, we took samples for this purpose and the average ratios were 105 at 60°N and 74 at 47°N, which would give grazing percentages over the primary production of 6.5 and 3.3% respectively. Although these percentages are still relatively low, the point is that other literature results on grazing impact may be overestimates due to the use of CrChla ratios measured directly from water samples, when these values are relatively high (Tiselius, 1988) .
Another source for underestimating grazing impact would be the use of total chlorophyll biomass and production, assuming that all of it is available for the copepod assemblages analysed. A number of studies have demonstrated the importance of the >5 n-m particles in the diet of marine copepods, even in the smaller sizes as Oithona spp. (Huntley, 1980; Harris, 1982; Joris et al., 1982; Lampitt and Gamble, 1982; Drits and Semenova, 1984) . However, in our case, this distinction does not change the results significantly. Regarding the distribution of phytoplankton in the water column, it was not homogeneous over the surface 100 m, but since the approach here was to integrate over this layer, we cannot assess properly the effects on the results.
In contrast to the analysis of possible sources for grazing underestimation, the small and indirect background information on the grazing impact of copepods in open waters of the North Atlantic suggests that, during the spring bloom, this pressure is low, and is the reason why blooms develop, which is contrary to what happens in some oceanic areas in the Pacific (Billet et al., 1983; Parsons and Lalli, 1988) . But what the extent of the grazing impact is during the rest of the year, or in areas where other larger species are dominant, is still unknown. The copepod C.finmarchicus appears in high latitudes just before the productive season and then migrates to deeper waters after a few weeks to months (Conover, 1988) . However, the smaller species are abundant all year around (Colebrook, 1979; Drits and Semenova, 1984) , and, at other times or areas, Pleuromamma and Metridia species may be a more permanent component in surface layers, although performing strong diel vertical migrations (Roe, 1984; Williams, 1988) . We cannot provide here a complete over-view of the effects of copepod grazing pressure over the phytoplankton in the north-east Atlantic but only emphasize the need for including the smaller copepods in any analyses of grazing impact and for encouraging the continuity of observations in this marine system. 
